INTRODUCTION
programmes are estimated to have reduced codling moth incidence to <5x10 -7 (J.T.S. Walker, Plant & Food Research, personal communication), which exceeds the phytosanitary standard that was achieved with fumigation and cold storage. The cost of fumigating or complying with these management and monitoring programmes adds significantly to the cost of exporting apples. Moreover, some treatments such as MB fumigation can reduce apple quality (Drake & Moffitt 1998; Schimanski et al. 2005; Soma et al. 1997) , and result in organically-grown apples losing their lucrative organic status. Although MB used for quarantine is exempt reduction and phase out under the Montreal Protocol (UNEP 2012), many countries have banned all uses including those for quarantine. New Zealand will require all MB fumigation facilities to capture any emissions after 2020 (EPA 2011) . Therefore, alternatives to MB are being sought by the apple industry to ensure continued market access should MB be restricted, become uneconomical or become unavailable.
Ethyl formate (EF) is a generally recognised as safe (GRAS) fumigant that is reported to control many pest species De Lima 2009 , 2010 Griffin et al. 2013; Jamieson et al. 2013 Jamieson et al. , 2014 Jamieson et al. , 2015 Pupin et al. 2013; Simpson et al. 2004 Simpson et al. , 2007 van Epenhuijsen et al. 2007 ). It has the potential to be used in a management programme with no detectable residues. EF combined with CO 2 is commercially available in New Zealand as VAPORMATE™. Lepidopterans such as CM tend to be more tolerant of EF than thrips, scale insects and mealybugs (De Lima 2009 , 2010 , with eggs often identified as the most tolerant life stage (Ducom 2006; Jamieson et al. 2015) . Insects inside fruit, i.e. fruit fly eggs and larvae, can often be more tolerant to EF than external insects (C.R. De Lima, AgHort Solutions, personal communication).
This study determined the effect of insect location on EF treatment efficacy by comparing the most tolerant life stage of CM to EF (+CO 2 ) without apples and inside apples.
MATERIALS AND METHODS
Preparation and assessment of life stages off fruit CM early-stage eggs (1-2 days old), late-stage eggs (4-5 days old), 1 st , 3 rd and 5 th instar larvae were provided from a laboratory colony reared on an artificial diet at Plant & Food Research (PFR), as described by Jamieson et al. (2013) . Wax paper with >100 early or late CM eggs were placed for EF treatment in separate plastic vials (11 cm high by 4 cm diam.) with stainless steel gauze at each end. First instar larvae (100 per vial) were placed on artificial diet inside similar vials. Late 3 rd instar CM larvae and non-diapausing 5 th instar CM larvae (70 per container) were placed separately inside larger plastic containers (10 cm high x 10.5 cm diameter at top tapering to 8.5 cm diameter at the base) with stainless steel gauze at each end, containing diet and tissue paper. After exposure to EF, the containers containing life stages were stored at 20°C, 16:8 h light:dark until assessment. Eggs were assessed 9 d after treatment and recorded as hatched or unhatched. CM larvae were touched gently with forceps and assessed as live (movement) or dead (no movement).
Preliminary trial to determine EF concentration range CM in containers were treated with one of seven EF concentrations ranging from a target of 0 to 2.5% EF (+CO 2 , at the CO 2 rate in accordance with the ratio of EF:CO 2 in VAPORMATE™) for either 1, 2, 3 or 4 h at 15°C. Treatments were conducted in the Volatile Treatment Facility (VTF) consisting of 28 stainless steel chambers (76.8 L each) at PFR in Auckland, as described by Jamieson et al. (2014) . In a preliminary trial, single replicates were tested for 1, 2, 3 and 4 h to determine an appropriate treatment duration. Based on the results of this trial, a 2 h duration was selected for the life stage tolerance testing. Three to four replicates were undertaken of each life stage.
Fumigant measurements and exposure conditions
The concentration of EF introduced to each chamber was controlled automatically by a computer that also sampled EF concentration at the beginning, during and at the end of each treatment. The EF concentration in each sample of 50 μL in a sampling loop was measured using a gas chromatograph (Shimazdu GC-2014 fitted with Restek® capillary column 30 m x 0.25 mm x 0.25 µL). CO 2 was measured by manually taking a 1 mL sample from each chamber and injecting it into a gas analyser.
EF fumigation of life stages inside fruit
Although the 3 rd instar CM larva was the most tolerant larval stage as a result of the preliminary trial described above, late 4 th instar/ early 5 th instar non-diapausing CM larvae were selected for use inside fruit because their survival rates are higher than the earlier life stages when artificially placed inside apples.
'Scired'/Pacific Queen™ apples were infested with codling moth larvae, as described by Dentener et al. (1998) and Rogers et al. (2013) . Three evenly-spaced holes were punched in each apple using a compressed-air driven punch. Actively-feeding, late 4 th /early 5 th instar larvae were obtained from the same codling moth colony as described above. They were removed from their tubes containing diet and placed inside one of three holes in an apple. Each larva was retained in its hole by placing a plug of agar gel (2% agar in water) across the entrance and then covering it with a piece of masking tape. Groups of 17 infested apples (each with three larvae, total 51) were placed in an insect-proof, nylon-mesh bag. Additionally, 50 actively-feeding late 4
th instars/early 5 th instar CM larvae were removed from their tubes and placed in containers as described above in the preliminary trial.
The following day, the apples were checked to see that the larvae had not escaped. Each bag of 17 codling moth infested apples, along with 83 non-infested apples and the containers of larvae, were placed in 76.8 L chambers in the VTF. Codling moth larvae and apples were exbposed to the target EF concentrations between 0 and 3.0% EF (with CO 2 to mimic VAPORMATE™) for 2 h at 15°C. Mean EF and CO 2 concentrations were recorded during the treatment. After exposure to EF, CM larvae in containers and inside apples were stored at 20°C for 3 days until the larval mortality was assessed using the methods described above.
Statistical analyses
To assess the mortality response, non-parametric LOESS fits (Cleveland et al. 1992 ) were calculated and plotted on an arcsine transformed scale (e.g. transform percentage p by arcsin[sqrt(p/100)]) in R (R Core Team 2015) (Figures 1-3 ). For each insect life stage, smooth lines were drawn through the percentage mortality points after exposure to EF+CO 2 , at each actual measured EF treatment concentration. The error bars represent the root-mean-square of the errors of the fit of each line and represent approximately uniform variability over the entire mortality range on the arcsine scale.
Concentration mortality data for each replicate were fitted using the generalised linear model (Dobson & Barnett 2008 ) capability of R with the complementary log-log (clog-log) link (Preisler & Robertson 1989 ) and the actual EF concentration as the explanatory variable. Specifically, the assumed form of response was log(-log(1 -p)) = a + bC, where p = expected mortality, and C=concentration of EF. The coefficients from the models were used to derive the estimated lethal EF concentration to achieve 99% mortality (LC 99 ), the concentration to achieve a mortality of cm + (1 -cm) × 0.99, where cm was the control mortality. Two possible sources of extraneous mortality were considered: handling and treatment with CO 2 . The mortality attributed to those sources was compared using a simpler binomial GLM and found not to be significantly different. Consequently, the handling control and treatment control mortality data were combined and used as the control mortality (cm). For each life stage, a geometric mean LC and its associated standard error (SEM) were estimated, from which a 95% confidence interval (CI) was calculated. Non-overlap of the 95% CIs is approximately equal to a test for difference at P = 0.01.
RESULTS

Preliminary trial to determine EF concentration range
The target EF and CO 2 concentrations, and the actual mean concentrations recorded, for the 2 h exposures of CM life stages without fruit are shown in Table 1 .
As the EF exposure time increased, the mortality response of the CM life stages also increased ( Figures 1A-E) , and the lethal concentration estimates reduced (Table 3) . First instars were the most susceptible with complete mortality of all EF-treated 1 st instars for all concentrations ( Figure 1C ), therefore lethal concentration estimates were not able to be calculated (Table 3) . For the other life stages ( Figure 1A , B, D, E), a 1 h exposure was insufficient time for EF at the concentrations tested to cause high mortality of eggs or 3 rd /5 th instar larvae (61-87% mortality). Therefore, the lethal concentration estimates for 99% mortality were solely from extrapolations and may not provide a reliable indicator of the EF concentration likely to cause high mortality (Table 3) . Third instar larvae and late-stage eggs were the most tolerant life stages for the 2-h EF exposures (Table 3, Figure 2) . A 2 h exposure of 1.7% EF concentration has the potential to control >99% of all CM life stages off fruit.
EF fumigation of life stages inside fruit
The target EF and CO 2 concentrations, and the actual mean concentrations recorded, for the 2 h exposures of CM life stages inside fruit and in containers are shown in Table 2 .
Although the concentration of EF was close to the target at the beginning of treatments, it lowered to between 54 and 69% of the target after 2-h (Table 2) . EF is reported to disassociate in contact with fruit, which could account for the reduced concentrations observed in these experiments. The mortality responses of CM larvae outside and inside apples to the mean measured EF concentration is shown in Figure 2 . All 4 th /5 th instar CM larvae died when exposed to a mean EF concentration of 1.12% (target of 1.5% EF) or greater (Figure 3) . However, only 67% of CM larvae inside apples died when exposed to 1.12% EF concentration (Figure 3 ). Increasing the measured EF concentration to 2.43% (target 3.0%) resulted in 85.2% mortality of CM larvae inside apples after a 2 h exposure to EF (Figure 3) .
DISCUSSION
This study predicts that >1.7% EF concentration for 2 h will result in >99% mortality of CM eggs, 1 st , 3 rd and non-diapausing 5 th instar larvae outside fruit. This lethal concentration for 99% mortality of CM is similar to estimates for other lepidoptera such as the lightbrown apple moth (Epiphyas postvittana) (De Lima 2009), the brownheaded leafroller (Ctenopseustis obliquana) and the greenheaded leafroller (Planotortrix excessana) (L.E. Jamieson, Plant & Food Research, unpublished data) . However, Simpson et al. (2007) reported that omnivorous leafroller pupae were more tolerant to EF. It may be prudent to determine the tolerance of pupal life stages to EF fumigation in the future, although pupae of the species mentioned are not likely to be found on fruit. CM larvae are an internal pest whose larvae can be found inside apples and pears. Research in Australia (C.F. DeLima, AgHort Solutions, personal communication) and Hawaii (J.W. Armstrong, Quarantine Scientific, personal communication) indicate that EF was not sufficiently effective to control internal fruit fly larvae to a standard acceptable to phytosanitary authorities. However, the EF rates and exposure times tested for those experiments were not immediately available. In this study, codling moth infested apples exposed to a mean of 2.43% EF resulted in 85.2% mortality of the CM larvae inside apples. This level of control while unsuitable as a standalone treatment may prove useful as a component of a systems approach to manage codling moth where infestation rates are already extremely low.
This study did not examine the impact of EF th instar codling moth larvae placed with apples either inside or outside fruit and exposed to various concentrations of ethyl formate (EF) for 2 h at 15°C. Mean measured EF concentrations are presented rather than target EF concentrations. Error bars represent approximately uniform variability over the entire mortality range on the arcsine scale. on fruit quality. Previous research showed that EF can cause browning around the calyx of apples, but cold storage before EF significantly reduced the incidence and severity of calyx browning (LE Jamieson, Plant & Food, unpublished) . Preliminary fruit quality trials suggested that 2.43% EF for 2 h may cause significant calyx browning in susceptible cultivars such as 'Scired'/Pacific Queen™ and 'Scilate'/Envy®. However, that concentration of EF may be tolerated by EF-tolerant cultivars such as 'Fuji' , 'Scifresh'/Jazz™ and 'Braeburn' and stored 'Royal Gala' (for 4-8 weeks) (LE Jamieson, Plant & Food, unpublished data) .
Cycles of increasing and decreasing pressure from standard atmospheric pressure (ca 101 kPa range), have the potential to enhance insect mortality (Calderon & Navarro 1968; Mbata et al. 2004 ). Metabolic-stress Disinfestation and Disinfection (MSDD) was developed to control of arthropods and pathogens (Lagunas-Solar & Essert 2011; Lagunas-Solar et al. 2006) . Cycles of expansion and compression (physical phase), in combination with low vapour concentrations of ethanol applied with vacuum (chemical phase), were used to kill arthropods and pathogens. Similar research in New Zealand showed that both the physical and chemical (ethanol) phases were required to ensure high mortality of pests (Zulhendri 2012; Zulhendri et al. 2012a; Zulhendri et al. 2012b) .
EF in combination with a vacuum or a modified MSDD process may increase the mortality of CM larvae located inside apples. A preliminary study that examined the effect of 2 h treatments applied to CM inside apples using a small vacuum (90 kPa) with EF + CO 2 , or cycles of expansion and compression between 90 and 110 kPa followed by EF + CO 2 applied at a 90 kPa pressure, were found not to enhance mortality (Jamieson et al. unpublished data) . The next step for this research is to apply a larger vacuum (similar in size to that used in the MSDD system), which may cause > 99% mortality of the most resistant stage of CM larvae inside at EF concentrations undamaging to apples. PFR Auckland. Thanks also to Mr Apple, and the Hawkes Bay PFR team for supplying apples; to Anne Barrington and the Insect Rearing PFR team for supplying codling moth; Dominic Hartnett for excellent technical assistance; Miriam Hall, Matt Punter, Allan Woolf and Jason Johnston for conducting fruit quality trials referred to in the discussion; Dave Rogers and Allan Woolf for comments on the draft manuscript. This research was funded by Pipfruit New Zealand, MBIE Partnership Fund and PFR Core funding.
